Chrysanthemum stunt viroid (CSVd) is one of the problematic pathogens known to infect chrysanthemum (Dendranthema grandiflorum) plants and causes various symptoms, such as a reduction in plant height, which is a serious problem in cut flower production. No natural sources with resistance to CSVd have been reported. By quantifying the CSVd titer within the plant, we identified the cultivar 'Utage' as a plant in which the increase of the CSVd titer was slowest among 6 cultivars tested. 'Utage' self-pollinated, and 67 resulting seedlings were screened for CSVd resistance using reverse transcription polymerase chain reaction (RT-PCR), nested-PCR, (C7, A30, and A27) were about 1/240, 1/41000, and 1/125000 compared to that of 'Utage', respectively . These 3 plants were comfirmed to have strong resistance to CSVd. In C7, local distribution of CSVd was observed in the youngest expanded leaf by micro-tissue direct RT-PCR and in situ hybridization. For A30 and A27, CSVd was hardly detected in the whole plant. These 3 plants will contribute to the elucidation of CSVd resistance mechanisms.
Introduction
Chrysanthemum (Dendranthema grandiflorum) is one of the most important ornamental crops in the world and Chrysanthemum stunt viroid (CSVd) is a problematic pathogen known to infect chrysanthemum plants. Viroids are pathogenic agents consisting of circular, singlestranded RNAs (246-401 nt) which code no protein, so they utilize host polymerase for their replication (Mühlbach and Sänger, 1979; Schindler and Mühlbach, 1992; Warrilow and Symons, 1999) . Viroids are classified into two families, Pospiviroidae and Avsunviroidae (Flores et al., 2000) . CSVd belongs to Pospiviroidae, whose members replicate and accumulate in the nucleus, while viroids belonging to Avsunviroidae replicate and accumulate in the chloroplast (Flores et al., 2004) . Symptoms of CSVd infection include reduction of plant height and flower size (Horst et al., 1977) , leaf spots (Flores and Hernández, 2005) , and disturbance of the photoperiod flowering response (Hosokawa et al., 2004b) , which are serious problems in cut flower production. For example, Hill et al. (1996) reported that about $3 million was lost due to CSVd infection in Australian chrysanthemum production in 1987. CSVd can exist wherever chrysanthemum is cultivated (Bouwen and van Zaayen, 2003) and is transmitted by crude sap on knives and pruning tools during propagation. Transmission by insects has not been reported.
Resistance to viroids has been reported in tomato, where accumulation of small interfering RNA (siRNA) was followed by the recovery of tomato plants from severe symptoms of Potato spindle tuber viroid (PSTVd) infection (Sano and Matsuura, 2004) . Varietal differences in resistance to Peach latent mosaic viroid have also been reported as well (Barba et al., 1995) . The increase in CSVd titer was reported to be slow in 'Shuhono-chikara' when grafted onto an infected plant (Kusunoki et al., 1993) , but no chrysanthemum cultivar with strong resistance to CSVd has been found (Lawson, 1987) . In this paper, we report the identification of a cultivar in which the increase of CSVd titer was slow by quantifying the CSVd titer within the plant. The resulting seedlings by self-pollination of the selected
Materials and Methods

Plant materials and CSVd infection by grafting
Chrysanthemum cultivars 'Piato', 'Utage', 'Shuhono-chikara', 'Stettsuman', 'Kyoto', and 'Kosuzu' were grown in 18-cm-diameter pots containing MetroMix 360 (Sun Gro, Washington, USA). Lateral shoots of these cultivars, in which CSVd was not detected by reverse transcription polymerase chain reaction (RT-PCR), were grafted onto CSVd-and Chrysanthemum chlorotic mottle viroid (CChMVd)-infected 'Piato' rootstocks which were confirmed to have stable high titers of CSVd and CChMVd by RT-PCR. Grafting success was confirmed by checking for CChMVd infection in scions.
Five plants per cultivar were grafted in order to evaluate the levels of resistance to CSVd. Self-pollinated seeds of 'Utage' (67 plants) were sown on vermiculite under a minimum temperature of 15°C and germinated seedlings were transplanted to 18-cm-diameter pots containing MetroMix 360 (Sun Gro). Main shoots with 3 leaves were grafted onto CSVd-and CChMVd-infected 'Piato' rootstocks with 6 leaves.
Chrysanthemum plants were grown in a greenhouse at the experimental farm of the Department of Agriculture, Kyoto University. All plants were grown under natural temperature conditions. Long-day conditions were maintained throughout the year by night-break lighting between 10:00 p.m. and 2:00 a.m.
RNA extraction and reverse transcription
Total RNA was extracted from the youngest expanded leaf of the scion plant (100 mg) using TRIzol Reagent (Invitrogen, California, USA) or Concert RNA Reagent (Invitrogen) according to the manufacturer's instructions. RT was performed using 0.5 μL ReverTra Ace (Toyobo, Osaka, Japan) with a reaction mixture composed of 2 μL RT-buffer, 1 μL dNTPs (10 mM), 0.5 μL RNase Inhibitor (Toyobo), 0.5 μL reverse primer (20 μM), and 4.5 μL super distilled water. Total RNA was adjusted to approximately 200 ng·μL −1 and a 1 μL aliquot was used as a template. This mixture was incubated at 42°C for 30 min and at 99°C for 5 min. The primers used for each experiment are shown in Table 1 .
RT-PCR and nested-PCR
RT product was added to 9 μL PCR mixture to obtain a final volume of 10 μL. The RT-PCR mixture consisted of 0.1 μL KOD Dash polymerase (Toyobo), 1 μL reaction buffer for the KOD Dash polymerase (Toyobo), 1 μL dNTPs (2 mM), 0.1 μL forward and 0.1 μL reverse primer (20 mM), and adjusted to 9 μL with super distilled water. One cycle of 3 min at 98°C, thirty-five cycles of 30 s at 98°C, 10 s at 58°C, and 30 s at 74°C, and one cycle of 5 min at 74°C were conducted for the RT-PCR reaction. PCR product was added to 9 μL of the nested-PCR mixture to obtain a final volume of 10 μL. The nested-PCR mixture was similar in composition to the RT-PCR mixture except for the primer. The primers used for each experiment are shown in Table 1 . The RT-PCR and nested-PCR products were separated by electrophoresis on a 1.5% agarose gel, and visualized by ethidium bromide staining.
Micro-tissue (MT) direct RT-PCR
MT direct RT-PCR was performed according to Hosokawa et al. (2006) . A syringe needle was used to pierce leaves once in a random area, and plant sap on the syringe needle was used for the RT template. The primers used for each experiment are shown in Table 1 .
Relative quantification of the CSVd titer by real-time RT-PCR
Relative quantification of the CSVd titer was performed by real-time RT-PCR (ABI PRISM ® 7900HT; Applied Biosystems, USA). Actin mRNA was used as the internal standard. Two μL of the RT product diluted fivefold was added to the real-time RT-PCR mixture, which consisted of 10 μL SYBR Premix Ex Taq (Takara, Shiga, Japan), 0.4 μL Rox Reference Dye (Takara), 0.2 μL forward and 0.2 μL reverse primer (20 μM), and adjusted to 18 μL with super-distilled water. Forty cycles of 5 s at 95°C, 15 s at 63°C, and 10 s at 72°C were conducted. The primers used for each experiment are shown in Table 1 . Samples with different dissociation curves from CSVd or actin were omitted from data. We considered 5 8 times dilution of the RT products of CSVdinfected 'Piato' mother plants as 1 titer. Data are shown as CSVd/actin ratios for each sample.
In situ hybridization In situ hybridization was performed according to Shitsukawa et al. (2007) . The youngest expanded leaves were sampled from scions and fixed with FAA solutions (3.7% paraformaldehyde, 5% acetic acid, and 50% ethanol) at 4°C overnight. The fixed tissues were dehydrated and embedded in Paraplast Plus (Oxford Labware, Missouri, USA). The tissues were cut into 12 μm sections and dried overnight. Hybridization was performed overnight at 52°C. DIG-labeled RNA probes were synthesized by T7 RNA polymerase, in vitro transcription using a DIG RNA labeling kit (Roche Diagnostics, Basel, Switzerland). PCR products synthesized by the CSVd full-length primer: CSVC1 and CSVS1 (Table 1) were cloned into pTAC-1 Vector (BioDynamics Laboratory, Tokyo, Japan) and this vector was used as the template for the probes. After hybridization, the sections were washed twice with 0.5 × SSC at 52°C and soaked in 0.5% blocking reagent (Roche Diagnostics) and anti-DIG alkaline phosphatase conjugate containing 0.1% BSA. After the slides were washed, transcripts were detected with NBT/BCIP (Roche Diagnostics).
Results and Discussion
Screening of a cultivar with slow accumulation of CSVd
Three weeks after grafting, total RNA extracted from the youngest expanded leaf of the six grafted cultivars was used for real-time RT-PCR. The cultivars reported here were thought to be resistant candidate cultivars based on our observations. The CSVd titer of 'Utage' was much lower than the other cultivars. The CSVd titer of 'Utage' was 1/1000 and 1/10000 compared to that of 'Piato' and 'Kyoto', respectively (Fig. 1) .
Total RNA was extracted from the youngest expanded leaves of scions every 3 weeks from 6 to 15 weeks after grafting, and RT-PCR and real-time RT-PCR were performed for 'Piato' and 'Utage' (Fig. 2 ). An increase of the CSVd titer in 'Piato' was observed 12 weeks after grafting. In contrast, the CSVd titer in 'Utage' remained low even 15 weeks after grafting.
Screening of plants with resistance to CSVd from selfpollinated seedlings of 'Utage'
To obtain plants with stronger resistance to CSVd than 'Utage', self-pollinated seedlings of 'Utage' (67 plants) were used for screening. Total RNA was extracted from the youngest expanded leaves of scions 3 months after grafting onto infected rootstocks, and RT-PCR and nested PCR were performed. Of 67 plants, only traces of CSVd were detected in 4 plants by RT-PCR, and CSVd was not detected in 5 plants by RT-PCR. Among the 5 plants, CSVd was not detected in 1 plant by nested-PCR (Table 2) . These 9 plants were used for further analysis.
Detailed investigation of resistance
The CSVd titer (using total RNA extracted at 3 months after grafting as a template) of 9 candidate seedlings was quantified by real-time RT-PCR. CSVd localization in the youngest expanded leaf was examined by MT direct RT-PCR 4 months post-grafting. Plants in which clear bands were detected by RT-PCR in the first screening were used as positive controls. In real-time RT-PCR, 5 plants (A11, A19, B11, C9, and A13) showed no significant difference in CSVd titers compared to positive controls (Table 3 ). In 4 plants (A20, A30, C7, and A27), the CSVd titers were, about 1/7700, 1/6100, 1/80, and 1/8800, respectively compared to those of B1 and B7 whose CSVd titers were lowest in the positive control plants (Table 3) . Furthermore, MT direct RT-PCR was conducted on the youngest expanded leaves of A30, C7, and A27 at 8 points per leaf, and CSVd was not detected. From the other 6 plants (including A20) CSVd was detected at all points on one leaf (Table 3 ). In A20, although at 3 months after grafting the CSVd titer had been low, at 4 and 5 months after grafting CSVd was detected by MT direct RT-PCR and the CSVd titer was not different from that of positive controls. In A20, the data suggested that CSVd infection became advanced between 3 and 4 months after grafting. At 5 months after grafting, total RNA was extracted from the youngest expanded leaves of the 9 seedlings and 'Utage' (grafted at the same time) and RT-PCR and real-time RT-PCR were performed. CSVd was detected from all plants by RT-PCR (data not shown) 5 months after grafting. The CSVd titers of C7, A30, and A27 were, about 1/240, 1/41000, and 1/125000, respectively compared to that of 'Utage' (Table 3) . These 3 plants were identified as plants having the strongest resistance to CSVd.
CSVd distribution at different leaf positions and in situ hybridization in screened plants
Six months after grafting, RT-PCR and MT direct RT-PCR (24 points per leaf) were conducted on the 3 plants with strong resistance and A4 (positive control) in different leaf positions. The assayed leaf positions are shown in Figure 3 . The RT primers by which CSVd and CChMVd could be simultaneously transcribed were used to confirm the grafting success, and PCR was conducted separately. CChMVd was detected at all positions (Table 4) , which confirmed that the grafting was successful. For A4, CSVd was detected at all positions by RT-PCR and MT direct RT-PCR (Table 4 ). In C7, the number of CSVd detections at the youngest expanded leaf by MT direct RT-PCR was less than A4 (Table 4) ; CSVd localization at the youngest expanded leaf was observed ( Table 4 ). As for A27 and A30, CSVd was hardly detected in the whole plant (Table 4) .
Furthermore, in situ hybridization was performed to examine CSVd distribution using antisense transcribed CSVd probes on the youngest expanded leaves of 3 screened plants and A4. In the youngest expanded leaves of 'Piato' and A4, intense signals were detected and no localized distribution of CSVd was observed (Fig. 4A,  4B ). In C7, localized CSVd signals were observed (Fig. 4C) . The local distribution of CSVd in C7 is thought to arise (1) because CSVd could not extend throughout the leaves of C7 due to the inhibition of replication or movement, or (2) because CSVd might be broken down by RNA silencing. It is reported that PSTVd, which belongs to the same group as CSVd, needs the DNAdependent RNA polymerase II of the host plants for its replication (Schindler and Mühlbach, 1992) . The movement of viroids from cell to cell and their entry into the phloem needs a particular motif (Qi et al., 2004; Zhong et al., 2007) . Sano and Matsuura (2004) reported on tomato plants where the accumulation of siRNA, products of RNA breakdown, was followed by the recovery from severe symptoms of PSTVd. The CSVd localization observed in our study also occur from the inhibition of replication or movement, or from RNA breakdown, and this localization is evidence of CSVd resistance. For A27 and A30, no signal was detected ( Fig. 4D) and CSVd was almost undetectable in the whole plant. This suggests that A27 and A30 have a mechanism (the same or different) which suppresses the increase of the CSVd titer more strongly than C7. The disease damage caused by CSVd is quite serious worldwide. Elimination of viroids by traditional shoottip culture is therefore crucial. A long period of low temperature treatment (Hollings and Stone, 1973; Paduch-Cichal and Kryczynski, 1987) or the recently developed leaf primordia-free shoot apical meristem culture (Hosokawa et al., 2004a) enables the elimination of CSVd from infected plants. Application of in vitroculture of plants to all commercial cultivars is impractical, because culturing and maintaining in vitro plants is laborious and CSVd-free seedlings are quickly re-infected with CSVd in the field; therefore, plants resistant to CSVd are desirable. Lawson (1987) reported that there is no natural sources of resistance to CSVd, and Kusunoki et al. (1993) reported that CSVd was not detected by the bioassay method or by polyacrylamide gel electrophoresis in several cultivars; however, 'Shuho-no-chikara', in which CSVd was not detected by the polyacrylamide gel electrophoresis, was more sensitive to CSVd than 'Utage' in the present research. Furthermore, the 3 plants screened in this report showed strong resistance to CSVd, even when grafted onto CSVd-infected plants for 6 months. These 3 plants will contribute to elucidation of the resistance mechanism to CSVd. These data suggest that information such as CSVd distribution in resistant plants can be used as an index to identify resistant cultivars.
